Introduction
At the sea level, the solar radiation is composed by ～3% of Ultra-Violet (UV) light (100-400nm), ～44% of visible light (400-700nm), and ～53% of infra-red light (700-1440nm) 1 . The UV section of the solar spectrum is composed by three types of UV rays, such as: UVA (315-400nm); UVB (280-315nm); and UVC (<280nm) 2 . The ozone layer is able to adsorb the UVC wavelengths and a significant part of the UVB radiation that reaches the Earth. However, the small quantity of UVB that cross the ozone barrier is enough to interfere with the physiological balance (homeostasis) of tissues and cells 3 . In the case of the UVA radiation, it has been associated to skin premature aging or long-term skin damage 4 (e.g. wrinkles), as well as with skin cancer in individuals that presented a history of long periods of sunlight exposure. In fact, several epidemiological studies link the combined UVA and UVB exposure to an increased risk of occurrence of skin cancer 5, 6 .
At the cellular level, UV irradiation induces the direct or indirect DNA degradation. This has been reported for the UVB range and for the high-energy artificial UVC radiation, through the dimerization of the pyrimidines nucleobases 7 . Apoptosis is one of the hallmarks of UV cell damage 5, 8 . This UV-mediated cell death is the result of several biochemical processes, such as: formation of pyrimidine dimers and photoproducts 8, 9 , activation of death receptors (including CD95, i.e. Fas/APO-1) 10 , and formation of reactive oxygen species (ROS) 9, 11 . ROS, such as, superoxide radical ( • O 2 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical ( • OH), are known as key mediators of DNA and protein oxidative damage in skin cells. However, they also act in the oxidation of membrane lipids via the generation of lipids' peroxides and in the fast reduction in the activity of several endogenous skin enzymes, such as, reductase and catalase, as well as lowering the concentration of cellular antioxidants (e.g. glutathione) 12, 13 .
The reported relation between UV-mediated skin damage and the increment of ROS in the cellular milieu, lead several authors to propose the use of phenolic compounds to neutralize the ROS species generated by the UV radiation and to protect the skin cells from mutations or death [18] [19] [20] . Cork (the outer bark of Quercus suber L.) is a suberized cellular tissue that present ～15% of extractives 21 , which can be easily obtained using suitable solvents [21] [22] [23] . Several studies on the chemical composition of such extracts have reported the presence of phenolic acids, such as, gallic, protocatechuic, caffeic, and ferulic acids, which as natural antioxidants (AO) have been proven relevant in the biomedical area 22, 24 .
Moreover, antibacterial, antiviral, anticarcinogenic, antiinflammatory and antiallergic activities have been also attributed to these phenolic compounds 25 .
Considering the presence of these AOs in cork and the above-mentioned correlation between UV-mediated cell damage and the increased concentration of ROS in the cellular environment, we hypothesized that the cork polyphenols had the capacity to reduce the ROS oxidative damage generated in skin cells by UV radiation. In this context we evaluated the capacity of cork's AOs to reduce the negative impact of UVA and UVB radiation on cell function. This study was centred in the use of L929 fibroblast cell line due to the fact that fibroblasts are one of the main cell type present in skin, namely in the dermis, which is responsible for the generation of connective tissue, and for the skin's recovery from injury (since they synthesize most of the dermis's extracellular matrix) [26] [27] [28] [29] [30] . The cork extracts were characterized by HPLC to quantify the most abundant compounds. Its total content in phenolic acids was determined and then correlated with the AO activity of the extracts. The AO activity of the cork extracts and consequently their capacity to act as anti-UV agents was confirmed by their capacity to preserve cells' viability; depicting their typical morphology and, more importantly, to prevent DNA fragmentation.
Materials and methods
Unless otherwise stated, chemicals were acquired from Sigma-Aldrich and used without further purification.
Preparation of cork extracts
Two different raw extracts were obtained by maintaining cork powder (Amorim Cork Composites, Portugal) in contact with water (producing the CWE) or a mixture of water and ethanol (50:50 v/v, producing the CWEE), under reflux conditions, for a period of 6h. After cooling, the liquid fraction was recovered by filtration, the solvent was partially removed by vacuum evaporation, and the final solid extracts were recovered upon freeze-drying. The CWEE was loaded to a chromatographic column, packed with Sephadex LH-20 as stationary phase and stabilized in water. The elution was performed using water, followed by mixtures of water and increasing percentages of ethanol, yielding fCWEE.
Chemical characterization of cork extracts

Reagents
Folin-Ciocalteu phenol reagent, gallic acid, 2,2-diphenyl-1picrylhydrazyl (DPPH), 2,2-azobis (2-methylpropionamide) dihydrochloride (AAPH), fluorescein sodium salt and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox) and ellagic acid were purchased from Sigma-Aldrich while methanol was acquired from Fluka. All reagents were used as received. Vescalagin and castalagin were obtained internally by preparative HPLC and identified by mass spectrometry.
Total phenolic content (TPC) and antioxidant (AO) activity
The TPC was determined according to the Folin-Ciocalteu method 31 and adapted from Santos et al 23 . Briefly, 50µl of sample solution (1mg/ml) was added to 500µl of Folin reagent (diluted 1:10) and 450µl of sodium carbonate solution (75g/l). After heating to 50°C for 5min, the absorbance at 756nm was read in a microplate reader (Synergy HT, BioTek, USA). The TPC was calculated from a calibration curve obtained with gallic acid standards and expressed as mg of gallic acid equivalents per g of extract.
The AO activity was determined by the DPPH radical scavenging activity and the oxygen radical absorbance capacity (ORAC) assays. The DPPH scavenging was determined following the methodology reported by Santos et al 23 . Briefly, 50µl of suitable sample dilutions was added to 900µl of DPPH (6.2mg in 100ml methanol, initial absorbance of 1.02±0.03) and the absorbance was measured at 517nm in the microplate reader. The EC50 was calculated as the concentration of extract necessary to reduce the initial absorbance by 50%. The ORAC assay was adapted from the methodology described by Huang et al 32 . The reaction mixture consisted of 25µl of sample or trolox (as standard), 25µl of 250mM AAPH and 150µl of fluorescein at a concentration of 0.025µM. Fluorescence measurements (excitation wavelength at 485nm and emission wavelength at 520nm) were performed in the microplate reader at 37°C, with readings taken at 2min intervals and with agitation in between each measurement. The results are expressed as mg of trolox equivalents (TE) per g of extract.
High Performance Liquid Chromatography (HPLC) analysis
The HPLC analysis was used to quantify the proportion of castalagin, vescalagin, gallic acid and ellagic acid present in CWE, CWEE and fCWEE. The analysis were performed on a Knauer apparatus equipped with a photodiode array detector (PDA) model Smartline UV detector 2600 and using an Atlantis T3 5µm (4.6x250mm) column protected by an Atlantis T3 5µm (4.6x20mm) guard column. The mobile phase consisted of water:methanol:acetic acid 88:10:2 (v/v/v) (A) and methanol:acetic acid 98:2 (v/v) (B) and the elution program was as follows: 0% B (0-2min), 0-100% B (2-50min), 100% B (50-60min), 100-0% B (60-70min) and 0% B (70-80min). The flow rate was 1ml.min -1 and the injection volume was 100µl.
The identification was performed by mass spectrometry or PDA and the quantification was performed using calibration curves of the standards, i.e. vescalagin and castalagin purified in our lab by semi-preparative HPLC (Atalntis T3 column, 25x250mm and injection volume of 2mL) using the same eluent gradients as the analytical program; and gallic acid and ellagic acid obtained from Sigma-Aldrich. respectively. After an additional 24h of cell culture under standard conditions, cells were evaluated for several parameters as described in the next subsections.
Viability and metabolic assays
Cellular metabolic activity was assessed using a commercial MTS assay kit (Promega, USA). Briefly, a tetrazolium derivative, subsequently reduced to a water-soluble brown formazan product by viable cells, was added to the culture wells. After an incubation period of 3h, the absorbance at 490nm was read in the microplate reader and the results expressed in relation to control, i.e. cells without UV irradiation. Cell viability was evaluated by Live/Dead assay respectively after calcein AM-propidium iodide (PI) staining. Cells were incubated for 20min with both dyes and then observed under a fluorescence microscope (Axio Imager Z1m, Zeiss). Viable cells were stained green and dead cells were stained red.
Giemsa staining was used to evaluate the morphology of the cells. Cells were fixed with cold methanol, washed, stained with Giemsa solution, mounted and analysed by microscopy (Axio Imager Z1m, Zeiss).
Reactive oxygen species
Intracellular ROS were evaluated as described before by Pereira et al 33 . Cells, 10000 per well, were seeded in 96-well black plates according to the above-mentioned cell culture conditions. After irradiation, cells were incubated with 25µM of DCDHF-DA (2',7'-dichlorodihydrofluorescein diacetate) and its fluorescence recorded in a microplate reader after 90min (at an emission wavelength of 520nm and at an excitation wavelength of 490nm). Cells in DPBS were used as negative control. Results are expressed in relation to the positive control (100% of ROS), i.e. irradiated cells in the absence of cork extracts.
Tunel assay
The in situ cell death detection kit (Roche) was used to detect apoptotic cell death at the single-cell level by fluorescence microscopy. Cells were fixed with formalin 10% and permeabilized using 0.1% Triton X-100 in 0.1% sodium citrate for 5min. The Tunel reaction mixture was then added to each sample and incubated for 1h at 37°C. The negative control was only incubated with labelling solution without terminal transferase and the positive control was incubated with recombinant DNase I to induce DNA strand breaks. Finally, cells were stained with DAPI at a concentration of 1:1000 for 20min and analysed by fluorescence microscopy (Axio Imager Z1m, Zeiss).
Statistical Analysis
All the quantitative results were obtained after analysis of at least six measurements per sample. Initially, a Shapiro-Wilk test was used to ascertain the normality of the data. All the collected data followed a normal distribution, and the results were presented as mean ± standard deviation (SD). Student's t-tests for independent samples were performed to test differences among the samples. Throughout the following discussion, the differences were considered significant if p < 0.05.
Results and Discussion
Chemical composition of cork extracts
Cork powder was extracted with water (CWE) and a mixture of water:ethanol (50:50) (CWEE). Both CWE and CWEE were characterized for their extraction yield, TPC and AO activity ( Table 1 ). The latter one seems to be related with the anti-UV activity due to the fact that the protection of tissues from damage by UV radiation is usually associated with the capacity to quench oxygen radical species and scavenge those radicals.
Our results revealed that the use of a mixture of water and ethanol (50:50 v/v; CWEE) generates higher yields of extraction and an extract with higher TPC and AO activity than the extract obtained only with water, i.e. CWE (as indicated by both DPPH and ORAC assays). This data led us to fractionate the CWEE using chromatographic techniques, yielding fCWEE. This fractionated sample (fCWEE), presented a significantly higher TPC and lower EC50. However, no significant differences were observed between AO activity of CWEE and fCWEE in the ORAC assay. This latter assay measures the efficiency of a given AO molecule to capture ROS, with origin on the thermal decomposition of AAPH and in the presence of fluorescein that functions as a probe. Therefore, the AO efficiency depends not only on the chemical ability to react with ROS (through a hydrogen bond transfer reaction) but also to do so on a timely manner. On the other hand, the DPPH assay is based on the reaction of the AO molecule with the stable radical DPPH, through an electron transfer reaction. Therefore, the fractionation of CWEE into fCWEE results in a sample with a higher capacity to act as AO through radical scavenging. However, this fractionation did not impart a noticeable improvement in the capacity of the extract to neutralize the ROS by hydrogen atom transfer.
In order to establish a link between the chemical composition and the detected AO activity, we acquired the HPLC chromatographic profile of each sample ( Figure S1 ), leading us to conclude that the 3 samples are mostly composed of ellagitannins and phenolic acids, namely: vescalagin, castalagin, gallic acid and ellagic acid (identification by PDA and MS presented in Table S1 ). HPLC was also used to quantify their weight percentage in the composition of the extracts (results presented in Table 2 ). The highest content on ellagic acid was observed for CWEE, while gallic acid was more abundant in the CWE. The content on castalagin was slightly higher in CWEE, while vescalagin was found in higher amounts in CWE. This result reflects the lower solubility of vescalagin in ethanol than that of castalagin 34 . In sample fCWEE the concentration of vescalagin and castalagin increased by 4 and 6 times, respectively, in relation to the unfractioned sample (CWEE). In addition, the content on ellagic acid decreased from 26.7 to 3.4mg/g of extract.
Combining this characterization with the results obtained for the AO activity (Table 1) , our data suggests that vescalagin and castalagin (the main components of fCWEE) are responsible for the improvement of the DPPH AO activity, i.e. they are efficient in stabilizing free radicals through an electron transfer mechanism. However, they do not seem to be as effective AOs through mechanisms related with hydrogen atom transfer (ORAC assay).
Cork extracts protect L929 cells from UV-induced cell death
In order to evaluate the capacity of the cork extracts to protect the L929 fibroblasts from UV-induced cell death, we conducted initial experiments to determine the cytotoxicity limit of the extracts ( Figure S2 ) and the timeframe of UV exposure capable of inducing a noticeable reduction of cellular metabolic activity (Figure 1 ). This initial screening revealed that cork extracts, at a concentration of 75μg/ml, did not elicit any noticeable cytotoxicity. Thus, this concentration was established for all the subsequent biological tests. Regarding the time of UV exposure, a 15min timeframe (in the absence of cork extracts, that corresponds to a dose of 17.1J/cm 2 of UVA and 4.1J/cm 2 of UVB) lead to a reduction of the cell metabolic activity to, approximately, 60%, leading us to select this timeframe for the whole set of experiments. Longer time periods (e.g. 30min) already generated irreversible loss of cell viability 35 . Figure 1 . Metabolic activity of L929 cells measured 27h after exposure to UV radiation for different timeframes/UV doses (upon UV exposure, cells were pre-incubated for 24h in the absence of cork extracts, and an additional 3h for MTS incubation). Results are expressed in relation to the negative control C-, i.e., 100% corresponds to the metabolic activity of non-exposed cells that were pre-incubated in the absence of cork extracts. Statistical significance corresponds to **p < 0.01 or ***p < 0.001.
The structural diversity of the compounds (and their proportions) detected in the 3 samples (as well as their different TPC and AO activity) could lead us to expect differences in the biological AO potential and anti-UV activity. However, while the presence of the cork samples significantly reduce the negative impact of the UV-mediated cell damage, our data also indicates that, in the cellular environment, the variations observed between the 3 cork samples in the metabolic activity are not statistically significant. . C+ corresponds to the control sample prepared in the absence of cork extracts. Results are expressed and normalized in relation to C-, i.e. 100% corresponds to the metabolic activity of non-exposed cells that were pre-incubated in the absence of cork extracts. Statistical significance corresponds to **p < 0.01 and ***p < 0.001.
As it can be seen in Figure 2 , under the selected conditions (UVA dose of 17.1J/cm 2 , UVB dose of 4.1J/cm 2 and 75μg/ml of each cork extract), the ～40% loss of viability caused by UV-Please do not adjust margins Please do not adjust margins irradiation was partially avoided (between 40% and 60%) when the cells were pre-incubated with CWE, CWEE and fCWEE. No significant differences were detected between the different samples.
Cork extracts prevent the UV-triggered increase in cellular ROS
The increment of oxidative stress promoted by the UV radiation is known to promote the generation of ROS. These species play a pivotal role in cellular damage, arising from their interaction with the cellular macromolecules.
As depicted in Figure 3 , the UV irradiation significantly increased the amount of intracellular ROS in the L929 cell culture. However, the pre-incubation of the cells with the cork extracts lowered the ROS levels in the intracellular environment by ～50% (higher efficiency observed with CWEE and fCWEE). These results are in accordance with the performed AO tests that also indicated a higher AO activity in the case of the CWEE and fCWEE. It is important to notice that in a non-irradiated state (C-), the amount of ROS detected in the medium is within the range of the physiological concentration originated from the normal metabolism of cells. Figure 3 . Intracellular ROS levels assessed with the DCDHF-DA probe. Results are expressed in relation to the positive control C+ (100% of ROS), i.e. UV-exposed cells in the absence of cork extracts. C-corresponds to cells not exposed to the UV radiation and pre-incubated in the absence of cork extracts. Statistical significance corresponds to ***p < 0.001 in relation to C+.
Cell morphology and viability after UV irradiation
UV irradiation also elicited marked changes in the cellular morphology compatible with cell death (Figure 4 ). Shrinked cells, condensed chromatin and pycnotic nuclei were clearly observed in the positive control. The majority of these features were not observed in the cells pre-incubated with cork extracts and exposed to UV (the same results were obtained with the cells pre-incubated with cork extracts and without UV exposure, Figure S3 ). The only exception was observed for the cells pre-incubated with CWEE (and UV exposed) where several irregularities in the membrane of the cells were observed. The purified fraction fCWEE improved this scenario. In this case, the cells show a normal morphology. This observation seems to be related with the increase in the proportion of vescalagin and castalagin (Table 2) after the fractionation of CWEE. This can be also related with the improvement on the AO activity of the fCWEE (Table 1 -DPPH and ORAC assay) protecting the cells from UV-mediated oxidative damage. The Live/Dead assay also confirmed that in the positive control the majority of the cells were dead, while the percentage of these in the presence of the extracts was similar to what was observed for the negative control. Thus, a significant cell death induced by UV irradiation was avoided by pre-incubation with the cork extracts. Figure 4 . Assessment of the morphology (Giemsa staining), viability (Live (green)/Dead (red)) and apoptosis level (Tunel assay, nuclei (blue) and DNA fragmentation (green)) upon UV irradiation, in the absence (C+) and presence of cork extracts (at a concentration of 75μg/ml). C-corresponds to cells cultured in the absence of cork extracts and not exposed to UV radiation.
The Tunel assay allowed us to evaluate the presence of significant DNA fragmentation and of apoptotic cells. In this case, limited UV-mediated DNA damage was observed in the presence cork extracts, in opposition to what was observed for the positive control (i.e. cells irradiated in the absence of cork samples).
Overall, CWEE exhibited a lower capacity to: maintain the cell typical morphology; rescue cell viability; and prevent DNA fragmentation. Its fractionated sample, fCWEE, was able to act as a more efficient anti-UV extract potentially due to the higher AO activity resulting from the higher content of vescalagin and castalagin. Although lower AO activity was detected for the CWE, its capacity to avoid cell death, and to protect DNA from fragmentation, suggests that the activity of these extracts is not only driven by their AO capacity 36 . Other biochemical mechanisms, whose origin is still unclear, may have a pivotal role in the case of the CWE activity. In fact, while UV radiation has been linked primarily to generation of ROS species, it is also reported its capacity to break single-strand DNA; disrupt DNA synthesis; deplete the intracellular glutathione; induce the peroxidation of biomembrane lipids. CWE might interfere with some of these events in a way that is still to be evaluated 13, 37, 38 .
Conclusions
A series of cork fractions (obtained by water or a water:ethanol 50:50 mixture) were tested for their capacity to prevent UV-mediated cellular damage. Their capacity to reduce the concentration of ROS in the cellular milieu was correlated to their AO capacity. Our data showed that the sample with highest AO activity (fCWEE), and highest proportion of vescalagin and castalagin, is the one that is able to better prevent UV-mediated cellular damage. However, the CWE fraction, the one with lower AO activity, also presented protection against UV-mediated cell death, morphological modification and DNA fragmentation at levels similar to the ones presented by the fCWEE sample. It seems that CWE is also able to reduce the UV-mediated cell damage, although through ROS-independent pathways. Therefore, CWE and fCWEE are vescalagin/castalagin-rich extracts that can be exploited in the preparation of pharmaceutical or cosmetic skin-care products with the capacity to prevent UV-mediated cellular damage.
